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Receptor-like kinases (RLK) are among the largest gene families encoded by plant genomes.
Common structural features of plant RLKs are an extracellular ligand binding domain,
a membrane spanning domain, and an intracellular protein kinase domain. The largest
subfamily of plant RLKs is characterized by extracellular leucine-rich repeat (LRR-RLK) struc-
tures that are known biochemical modules for mediating ligand binding and protein–protein
interactions. In the frame of the Arabidopsis Functional Genomics Network initiative of the
German Research Foundation (DFG) we have conducted a comprehensive survey for and
functional characterization of LRR-RLKs potentially implicated inArabidopsis thaliana immu-
nity to microbial infection. Arabidopsis gene expression patterns suggested an important
role of this class of proteins in biotic stress adaptation. Detailed biochemical and physi-
ological characterization of the brassinosteroid insensitive 1-associated receptor kinase 1
(BAK1) revealed brassinolide-independent roles of this protein in plant immunity, in addition
to its well-established function in plant development.The LRR-RLK BAK1 has further been
shown to form heteromeric complexes with various other LRR-RLKs in a ligand-dependent
manner, suggesting a role as adapter or co-receptor in plant receptor complexes. Here, we
review the current status of BAK1 and BAK1-interacting LRR-RLKs in plant immunity.
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INTRODUCTION
Plant receptor-like kinases (RLKs) belong to the monophyletic
interleukin-1 receptor-associated kinase (IRAK) or RLK/Pelle
family (Shiu et al., 2004). 600 family members make this fam-
ily one of the largest in Arabidopsis thaliana (Lehti-Shiu et al.,
2009). Likewise, sequencing of the genomes of rice, poplar, soy-
bean, or potato has revealed the presence of large RLK families
in these plants. RLKs are commonly built of N-terminal ligand
binding domains and C-terminal serine/threonine protein kinase
domains (Morillo and Tax, 2006). Many RLKs are located in
the plasma membrane. In these cases, transmembrane domains
ﬂanked by extra- and intra-cellular juxtamembrane domains sep-
arate the ligand sensor/protein interaction domains and pro-
tein kinase domains. The current mechanistic mode of action
of RLK proteins comprises ligand binding-induced conforma-
tional switches within the RLK proteins that trigger downstream
signaling events subsequently activating a signal-speciﬁc cellular
program (Chinchilla et al., 2009). As numerous RLKs share con-
served structural features within the extracellular domains, they
can be grouped into protein subfamilies (Shiu et al., 2004). A.
thaliana encodes ∼235 RLKs with extracytoplasmic leucine-rich
repeat (LRR) domains (LRR-RLK), which is the largest RLK sub-
family in this plant (Lehti-Shiu et al., 2009). Forward and reverse
genetic approaches have revealed various physiological functions
of Arabidopsis LRR-RLKs (Morillo and Tax, 2006). Brassinos-
teroid insensitive 1 (BRI1), the receptor for the plant steroid
hormone, brassinolide (BL), constitutes one of the best stud-
ied plant LRR-RLK, and was shown to regulate stem elongation,
vascular differentiation, seed size, fertility, ﬂowering time, and
senescence (Li et al., 2002; Nam and Li, 2002; Wang et al., 2005)
in a hormone-dependent manner. Binding of brassinolide to an
island domain that folds back between LRR repeat 21 and 22
was suggested to provide a docking platform for the formation
of heteromeric complexes with another LRR-RLK, BAK1 (BRI1-
associated receptor kinase 1). Another subset of plant LRR-RLKs
has been shown to function as pattern recognition receptors medi-
ating the recognition of microbial surface structures (pathogen
or microbe-associated molecular patterns, PAMPs/MAMPs) and
plant innate immunity to microbial infection (Nürnberger and
Kemmerling, 2006). For example, Arabidopsis FLS2 (Flagellin
Sensing 2) and EFR (EF-Tu Receptor) sense bacterial ﬂagellin
and elongation factor EF-Tu, and thereby confer basal immu-
nity to microbial pathogens displaying the respective cognate
ligand (Gomez-Gomez and Boller, 2000; Zipfel et al., 2006). The
large number of LRR-RLK that are encoded by the A. thaliana
genome and the proven role of FLS2 in plant immunity have
prompted us to undertake a systematic survey for additional LRR-
RLKs thatmediate plant–pathogen encounters (Kemmerling et al.,
2007).
A TRANSCRIPTOMICS-BASED SEARCH FOR LRR-RLKS WITH
PUTATIVE ROLES IN PLANT DEFENSE TO MICROBIAL
INFECTION
Responses to abiotic or biotic stimuli in plants have often
been reported to be associated with increased accumulation of
transcripts encoding proteins that are required for initiation
and/or execution of adaptive physiological programs. A pre-
ferred technology to identify such proteins is a genome-based
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analysis of stimulus-induced alterations within the entire tran-
scriptome of a whole organism, an organ, individual cell lay-
ers, or even single cells (Kilian et al., 2007). The AtGenExpress
initiative funded by the German Research Foundation (DFG)
aimed at establishing transcriptome patterns for various devel-
opmental stages, tissues, and adaptive responses to abiotic and
biotic stresses. Contributing partner labs agreed upon using the
same A. thaliana ecotype Col-0 seed stock, comparable con-
ditions for plant growth and procedures for plant treatment,
such as infections that were representative of and informative
for the respective plant research communities. Likewise, pro-
cedures for data handling, normalization of raw data and sta-
tistical analyses followed standards shared by all participating
groups.
Within the frame of this program, we analyzed microbial
infection or microbial pattern-induced transcript accumulation
in infected or inﬁltrated Arabidopsis Col-0 leaves. Experiments
conducted included treatments with bacterial patterns ﬂagellin
(ﬂg22; Felix et al., 1999), lipopolysaccharide (LPS; Dow et al.,
2000), or HrpZ (Lee et al., 2001), the Phytophthora parasitica-
derived protein NLP (Fellbrich et al., 2002; Qutob et al., 2006;
Ottmann et al., 2009). In addition, plants were infected with dif-
ferent strains of the bacterial pathogen, Pseudomonas syringae
pv. tomato (virulent strain DC3000; avirulent strain DC3000
AvrRpm1; non-pathogenic strain DC3000 hrcC−) or P. syringae
pv. phaseolicola (Qutob et al., 2006; Kemmerling et al., 2007).
Experimental details and information on protocols and materials
used are found at The Arabidopsis Information Resource (TAIR;
www.arabidopsis.org).
The ATH1 gene array (Affymetrix©) contains oligonucleotide
sequences representing 221 LRR-RLK encoding Arabidopsis genes.
We have analyzed transcript accumulation of these genes for the
experimental set-ups as described above. Table 1 shows those LRR-
RLK genes of which expression was enhanced by the respective
treatments. In total, a subset of 49 LRR-RLK genes showed sig-
niﬁcantly increased (more than twofold) transcript accumulation
upon one or more treatments. It is important to note, that individ-
ual LRR-RLK genes did not show stimulus-speciﬁc gene expres-
sions, but were expressed upon various treatments (Postel et al.,
2010). This is consistent with the view that plants mount generic
defenses against infection rather than microbe or pattern-speciﬁc
immune responses.Among those LRR-RLKs found tobe expressed
uponmicrobial infection or treatmentwere a number of those that
are indeed implicated in plant immunity. These genes encode for
example the pattern recognition receptors FLS2 and EFR, as well
as the ﬂagellin-induced LRR-RLK FRK1 (He et al., 2006; Zipfel
et al., 2006; Table 1). Strikingly, numerous LRR-RLKs encoding
proteins previously implicated in developmental programs were
Table 1 | Microarray expression analysis ofArabidopsis LRR-RLK genes.
AGI code Name Fold induction AGI code Name Fold induction
At1g05700 9.8 At2g19190 FRK1 102.8
At1g09970 RLK7/IKU2 6.9 At2g24130 2
At1g12460 2.1 At2g31880 SOBIR1 3.7
At1g14390 2.1 At3g02880 3.7
At1g16670 3.7 At3g09010 6.3
At1g17750 PEPR2 5.7 At3g13380 BRL3 4.8
At1g34210 SERK2 2.5 At3g28450 2.4
At1g34420 3.2 At3g47580 2.9
At1g35710 3.5 At4g08850 4.4
At1g51790 9.3 At4g10390 4.2
At1g51800 IOS1 24.8 At4g28490 HAESA 3.5
At1g51820 32.9 At4g33430 BAK1 3.6
At1g51850 263.7 At4g39270 7.2
At1g51860 149.7 At5g01950 2.9
At1g51890 30.4 At5g15730 3.5
At1g53430 3.6 At5g20480 EFR 30.3
At1g55610 BRL1 2.3 At5g25930 10.5
At1g56120 6.7 At5g42440 4.2
At1g66830 9.9 At5g46330 FLS2 2.2
At1g69270 RPK1 2.6 At5g48380 BIR1 3.1
At1g71830 SERK1 3.1 At5g53320 8.6
At1g73080 PEPR1 4.1 At5g54590 4.6
At1g74360 34.1 At5g59680 13.8
At2g02220 PSKR1 10.9 At5g65240 2.5
At2g13790 SERK4 3.2
Maximum fold inductions of 49 LRR-RLK genes induced after PAMP or pathogen treatment.
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found to be expressed upon infection, suggesting a hitherto unde-
tected role of these proteins in plant immunity in addition to
their well-established role in plant development. Such proteins
comprise members of the somatic embryogenesis receptor kinase
family (SERK1, SERK2, SERK3/BAK1, SERK4/BKK1; Albrecht
et al., 2008),HAESA(has a role inﬂoral organ abscission; Jinn et al.,
2000), and brassinolide receptors BRL1, BRL3 (Cano-Delgado
et al., 2004). Altogether, identiﬁcation of receptor kinases impli-
cated in brassinolide perception and signaling raised the question
whether or not the plant hormone, brassinolide, is required for
plant immunity.
BAK1 CONTROLS THE EXTENT OF NECROTIC CELL DEATH IN
INFECTED PLANTS IN A BRASSINOLIDE-INDEPENDENT
MANNER
Brassinolides (BL) regulate plant growth, differentiation, and
development (Vert et al., 2005). Hormone binding to the ectopic
domain of BRI1 results in the establishment of a docking site
for heteromeric complex formation with BAK1 (Hothorn et al.,
2011; She et al., 2011). Infection-induced transcript accumula-
tion of four members of the SERK family initiated analyses on
a potential role of BAK1 in Arabidopsis innate immunity to bac-
terial infection. Reverse genetic approaches using various bak1
loss-of-function alleles in infection experiments with the viru-
lent bacterial pathogen, P. syringae pv. tomato strain DC3000, or
the fungal pathogen, Alternaria brassicicola, yielded substantially
enhanced disease symptom formation on the mutants relative to
those observed in wild-type plants (Kemmerling et al., 2007).
Symptom development in bak1 mutants was characterized by
extensive spreading of necrotic areas beyond the sites of infection.
Growth rates of fungal pathogensA. brassicicola orBotrytis cinerea,
but not of various bacterial (P. syringae pv. tomato) strains were
increased in bak1 mutants. These ﬁndings suggested that accel-
erated cell death facilitated growth of necrotrophic pathogens,
but not of (hemi)biotrophic pathogens (Kemmerling et al., 2007).
A pathophysiological investigation of the bak1bkk1 (serk3serk4)
double mutant revealed increased levels of necrosis and suscepti-
bility to fungal infection, suggesting partial functional redundancy
of these two proteins in plant immunity to microbial infection
(He et al., 2007; Albrecht et al., 2008). In sum, these ﬁndings
demonstrate a role of BAK1 in controlling infection-induced cell
death.
BAK1 gene expression in infected plants suggested a role as ﬁrst
messenger of the plant hormone BL in evoking plant immunity
and cell death control (Kemmerling et al., 2007; Chinchilla et al.,
2009; Postel et al., 2010). However, treatment with BL prior to
infection assays did not complement the susceptibility to fungal
infection observed in bak1 mutants. Importantly, growth defects
in bak1 mutants that are due to deﬁciencies in BL sensing were
rescued by BL treatment. Moreover, other Arabidopsis genotypes
deﬁcient in BL biosynthesis or BL sensitivity were not more sus-
ceptible to fungal infection. Likewise, transcriptome responses to
BL treatment and bacterial or fungal infection were very dissim-
ilar (Kemmerling et al., 2007). Altogether, these ﬁndings indicate
a BL-independent function of BAK1 in plant immunity programs
that is separable from the BL-dependent activity of BAK1 in plant
development.
BAK1 IS REQUIRED FOR THE FUNCTIONALITY OF PLANT
PATTERN RECOGNITION RECEPTORS OF THE LRR-RLK TYPE
Activation of plant basal immunity to host-adapted (virulent)
pathogens as well as plant immunity to host non-adapted (non-
virulent) microbes is based upon recognition of microbe-derived
molecular surface structures (patterns) through plant pattern
recognition receptors (Nürnberger et al., 2004; Jones and Dangl,
2006; Boller and Felix, 2009; Postel and Kemmerling, 2009). Two
major types of plant pattern recognition receptors have been
identiﬁed, including LRR-RLKs and RLKs with ectopic domains
composed of bacterial lysin-motifs (LysM-RLK). Typical pattern
recognition receptors of the LRR-RLK type comprise Arabidopsis
sensors for bacterial ﬂagellin (FLS2) or bacterial elongation fac-
tor Tu (EFR). Our genome-wide survey for LRR-RLKs of which
expression is triggered by P. syringae-derived ﬂagellin (ﬂg22; Felix
et al., 1999) revealed that ﬂg22 treatment indeed resulted in
increased levels of BAK1 transcripts. Since bak1 mutants showed
wild-type levels of ﬂg22 binding, a role of BAK1 in ﬂagellin bind-
ing was ruled out (Chinchilla et al., 2007). However, subsequent
analyses of ﬂagellin-induced cellular responses revealed partial
impairment of all responses in different bak1 genotypes. Thus,
BAK1 is an element of ﬂagellin-induced signaling subsequently
leading to the activation of inducible plant immune responses.
Notably, when exogenously administered, BL did not rescue ﬂa-
gellin response deﬁciencies in bak1 genotypes which is in agree-
ment with the aforementioned BL-independent role of BAK1 in
plant immunity-associated programs, such as basal immunity or
infection-induced cell death (Chinchilla et al., 2007, 2009).
Ligand-induced interaction of BRI1 and BAK1 in brassinolide-
dependent plant development can serve as a paradigm for the
co-operation of heteromeric LRR-RLKs. Indeed, ﬂg22 treatment
of Arabidopsis seedlings resulted within a few seconds in het-
eromeric complex formation between the two LRR-RLKs (Chin-
chilla et al., 2007). It was further shown that BAK1 kinase activity
was required for ﬂg22-inducible plant responses, and that BAK1
likely phosphorylated itself as well as FLS2 within 15 s upon ﬂg22
treatment (Schulze et al., 2010; Schwessinger et al., 2011). Likewise,
EF-Tu responses were reduced in bak1 genotypes (Chinchilla et al.,
2007), and the EF-Tu receptor EFR and BAK1 were shown to inter-
act physically in a ligand-dependent manner (Schwessinger et al.,
2011).Altogether, these ﬁndings suggest that BAK1 functions as an
adapter protein in complexes with various LRR-RLKs (BRI1, FLS2,
EFR) and that ligand-speciﬁc heteromerization of BAK1 with dif-
ferent LRR-RLKs gives rise to the activation of a ligand-speciﬁc
plant response (Chinchilla et al., 2009; Postel et al., 2010). Likewise,
SERK4/BKK1, a close homolog of BAK1 (Albrecht et al., 2008) has
recently been shown to act in tandem with BAK1 thereby facili-
tating full activation of plant immunity to infection (Roux et al.,
2011). Phosphorylation by BAK1 of U-Box E3-ubiquitin ligases
PUB12 and PUB13 activates proteasome-dependent degradation
of FLS2, suggesting that BAK1 may not only be involved in pattern
signaling, but may also determine temporary desensitization of
the system and PRR turnover (Lu et al., 2011).
Recently, a novel bak1 mutant allele was isolated that carries a
point mutation in the kinase domain (Schwessinger et al., 2011).
This mutant allele was impaired in PAMP responsiveness, but
lacked the cell death phenotypes and BL-speciﬁc deﬁciencies in
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plant growth. The mechanistic basis of the observed functional
differences is currently unclear. Nevertheless, this novel mutant
allele will prove valuable in future attempts to unravel how sig-
nal speciﬁcity is maintained in three different BAK1-dependent
physiological programs.
LysM-domain RLKs mediate the recognition of microbial pat-
terns including fungal chitin (Miya et al., 2007) or bacterial pep-
tidoglycan (our unpublished ﬁndings) and immunity to fungal or
bacterial infection, respectively. However, chitin or peptidoglycan-
inducible responses were unaltered in bak1 genotypes relative to
those observed in wild-type lines, suggesting that plant pattern
recognition receptors of the LysM-RLK type do not require BAK1
activity.
BAK1 IS A TARGET OF IMMUNE SUPPRESSION BY
BACTERIAL EFFECTORS
PAMP-triggered immunity (PTI) is an efﬁcient layer of immu-
nity to infection by host non-adapted pathogens. In turn, host-
adapted pathogens have acquired means to strive on host plants
by suppressing PTI (Nürnberger et al., 2004). Bacterial, fungal,
or oomycete phytopathogens produce multiple effector proteins
many of which are translocated to the host cells to suppress
host immunity. P. syringae pv. tomato produces two effectors
AvrPto and AvrPtoB, both of which have been shown to suppress
PTI triggered by bacterial ﬂagellin (He et al., 2006). Elucida-
tion of the 3D-structure revealed that the tertiary structure of
AvrPto is similar to that of protein kinase inhibitors (Xing et al.,
2007). Shan et al. (2008) therefore suggested that interruption of
PTI might already occur at the level of pattern sensing through
FLS2/BAK1 interaction. Over-expression of AvrPto and subse-
quent co-immunoprecipitation experiments showed interaction
of the effector with FLS2 and BAK1, suggesting that PTI was sup-
pressed through interference with the receptor complex (Xiang
et al., 2008). Newer studies of this group show that FLS2 but not
BAK1 might be the direct target of AvrPto (Xiang et al., 2011).
Another study provided evidence that AvrPto interacted prefer-
entially with the kinase domain of BAK1, but not with that of
FLS2 (Shan et al., 2008). The same study also showed that AvrPto
interfered with ﬂagellin-induced heterodimerization of BAK1 and
FLS2. While the structural requirements of the RLKs for inter-
action with the bacterial effector AvrPto remain elusive, these
ﬁndings indicate that one mechanism by which bacterial effector-
mediated suppression of basal immunity is brought about is the
interference with pattern recognition receptor complex function.
It remains to be shown whether interaction of AvrPto with the
adapter LRR-RLK BAK1, which interacts with several pattern
recognition receptors (FLS2, EFR, and likely others) and there-
fore constitutes a key node in PTI activation, is the preferred
immunosuppressive mode of action of this effector.
BIR1 IS A NEGATIVE REGULATOR OF
IMMUNITY-ASSOCIATED BAK1 FUNCTION
As constitutive activation of BAK1-dependent immune responses
is likely detrimental to plant growth, negative regulatory control
mechanisms for plant immune programs have been suggested
(Chinchilla et al., 2009;Mazzotta andKemmerling, 2011).A screen
for BAK1-interacting proteins has been performed that revealed
BAK1-interacting RLK (BIR1) as a potential interaction partner
of BAK1 in planta (Gao et al., 2009). Phenotypes associated with
loss of BIR1 included spontaneous cell death that was dependent
on salicylic acid and thereby resembled hypersensitive cell death
(HR) observed during effector-triggered immunity (ETI). Double
mutants with known mutants in the ETI signaling cascade as eds1,
pad4, and ndr1 show partial suppression of the bir1 cell death
phenotype supporting its involvement in ETI control. Indeed,
bir1-1 plants showed enhanced resistance to virulent races of the
biotrophic oomycete, Hyaloperonospora arabidopsidis, suggesting
that BAK1 serves a negative regulatory role in ETI. The authors
of this study suggested a model in which BAK1/BIR1 complexes
guard ETI immune receptors in the resting state (at times when
there is no infection) thereby preventing untimely activation of
ETI and hypersensitive cell death. Upon infection with an aviru-
lent pathogen, manipulation by microbial effectors of unknown
host plant targets leads to a release of immune receptors from the
BAK1/BIR1 dock thereby activating HR and subsequent execution
of ETI (Gao et al., 2009). Very recently, an Arabidopsis calcium-
dependent phospholipid-binding protein (BON1) was identiﬁed
that interacts physically with BIR1 and BAK1 in planta and, as
BIR1, is phosphorylated by BAK1 in vitro (Wang et al., 2011).
bon1 mutant phenotypes enhanced bir1 mutant cell death and
ETI phenotypes, indicating that BIR1, BON1, and BAK1 might
form a tripartite complex as a negative control element for the
activation of ETI.
BAK1 INTERACTS WITH LRR-RLKS ATPEPR1 AND AtPEPR2
Our genome-wide transcriptomics-based survey for LRR-RLKs
revealed that PAMP treatment and bacterial infection resulted
in accumulation of transcripts encoding the LRR-RLK, AtPEPR1,
and its close homolog AtPEPR2 (Table 1). Both constitute func-
tionally redundant LRR-RLKs that mediate recognition of plant
peptides AtPEP1 and AtPEP2 (Huffaker et al., 2006; Yamaguchi
et al., 2006, 2010; Krol et al., 2010). AtPEPs are plant-derived
peptides that are produced upon wounding, PAMP treatment,
or microbial infection (Yamaguchi and Huffaker, 2011), and
AtPEP1 treatment of Arabidopsis plants triggers innate immune
responses and enhanced resistance to Pythium irregulare infec-
tion (Huffaker et al., 2006; Yamaguchi et al., 2006). AtPEPR1 and
AtPEPR2 were shown to interact physically with BAK1 (Postel
et al., 2010; Schulze et al., 2010). Likewise, AtPEP1 and AtPEP2-
inducible responses did not only require AtPEPR1 and AtPEPR2,
but also BAK1 (Krol et al., 2010; Schulze et al., 2010) suggest-
ing again a role of BAK1 as an adapter protein in LRR-RLK
receptor function. The AtPEPR1/AtPEPR2/BAK1 receptor com-
plex is therefore likely to function mechanistically similar to
the FLS2/BAK1 or EFR/BAK1 complexes in plant immunity. A
major difference between these complexes is that the latter are
assembled upon perception of a microbial pattern, whereas the
AtPEPR1/AtPEPR2/BAK1 receptor complex is formed upon per-
ception of plant-derived AtPEP1 and AtPEP2. These peptides are
thought to represent so-called danger signals that are produced
upon host damage inﬂicted by bacterial infection (Boller and
Felix, 2009). Physiologically, these signals are believed to potentiate
PAMP-inducible plant responses (Huffaker and Ryan, 2007; Yam-
aguchi and Huffaker, 2011) thereby resembling animal cytokines
mediating activation of animal innate immune responses, such as
inﬂammasome activation.
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FIGURE 1 | Schematic overview ofArabidopsis LRR-RLKs interacting
with BAK1.While currently BRI1 is the only known BAK1-interacting
LRR-RLK involved in developmental processes (blue area), several other
RLKs are involved in plant innate immunity (PTI, green area; ETI orange
area).
CONCLUSION
Transcriptome-based identiﬁcation of receptor kinases potentially
implicated in different physiological programs (development,
innate immunity) has paved the way for the functional analy-
sis of plant receptor proteins with dual functions. For example,
research over the past several years has provided ample evidence
that BAK1 serves both brassinolide-dependent roles in plant devel-
opment and brassinolide-independent functions in plant immu-
nity. Mechanistically, functionality of BAK1 is brought about
by heteromeric complex formation with other LRR-RLKs that
mediate regulatory activities of BAK1 in different physiological
programs. Figure 1 provides an overview of the interactions of
BAK1 and its implications in plant development and immunity.
Importantly, BAK1 can function as both positive and negative reg-
ulatory component. For example, positive regulatory functions of
BAK1 comprise stimulus-induced complex formations with LRR-
RLKs BRI1, FLS2, EFR, or AtPEPR1/AtPEPR2. In turn, negative
regulatory functions of BAK1 comprise constitutive interactions
with LRR-RLKs, such as BIR1. Importantly, BAK1 appears to be
a control element of virtually all elements of the plant immune
system comprising PTI, ETI, and the control of infection-induced
necrotic cell death. One of the major challenges of the future will
be to unravel at the molecular level how signal speciﬁcity within
BAK1-dependent physiological programs is determined.
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